The encapsulation of few-layer transition metal dichalcogenide (TMD) structures in hexagonal boron nitride (h-BN) is known to improve their optical properties, which is of crucial importance for their applications. In order to study the effect of encapsulation on interlayer interactions in few-layer TMDs the low-energy Raman scattering spectrum of bi-and trilayer MoTe 2 is investigated. Three breathing modes are observed in the spectra of these few-layer MoTe 2 structures deposited on/encapsulated in h-BN as compared to one breathing mode for the flakes deposited on an SiO 2 /Si substrate. Conversely, the shear mode is not affected by changing the substrate. We relate the emerged structure of breathing modes to the interaction of MoTe 2 with the h-BN substrate. The interaction slightly affects the energy of the main breathing mode and contributes to the combination modes due to interlayer and layer-substrate interactions. We also show that the h-BN substrate determines the Raman spectrum. The interaction between MoTe 2 and the top h-BN layer has a negligible effect on the low-frequency Raman scattering spectrum.
Two-dimensional layered materials, including transition metal dichalcogenides (TMDs), have recently emerged as promising candidates for many applications [1] [2] [3] . An intensive study of TMDs has shown a crucial effect of the substrate on their optoelectronic properties 4, 5 . Important is also the quality of the structure surface, which can be modified, e.g., by the superacid treatment, which is believed to passivate defects in the structure [6] [7] [8] [9] . An even more spectacular effect results from encapsulation of few-layer TMD structures in hexagonal boron nitride (h-BN). The emission spectra of h-BN-encapsulated monolayer TMDs are substantially improved with respect to non-encapsulated monolayers, allowing for a more detailed study of numerous excitonic features 10, 11 . This is believed to result from larger uniformity of encapsulated monolayers as compared to those placed on SiO 2 /Si surfaces. Our study is motivated by a desire to verify this conclusion. In order to probe interactions between the TMDs layer and the h-BN substrate we employ Raman scattering spectroscopy, which is a technique of choice to study properties of low-dimensional semiconductor nanostructures 12 . We investigate the effect of h-BN encapsulation on the low-frequency Raman scattering spectrum of bi-(2 L) and trilayer (3 L) MoTe 2 . We show that additional peaks due to the breathing modes (BMs) can be observed in the Raman scattering spectra of structures placed on the h-BN substrate, while no effect of encapsulation on the shear modes (SMs) is observed. We propose that their emergence results from a well-defined interaction of the lowest MoTe 2 layer with the h-BN substrate.
The investigated samples comprised thin MoTe 2 and h-BN layers fabricated by two-stage PDMS-based mechanical exfoliation of bulk crystals purchased from HQGraphene. The 2 Land 3 L-MoTe 2 flakes were placed on SiO 2 (90 nm)/Si suba) Electronic mail: magdalena.grzeszczyk@fuw.edu.pl strates, partially covered by thin (8 and 10 nm thick in the 2 Land 3 L-case respectively) h-BN layers. Such heterostructures were partially capped with top h-BN flakes (4 and 7 nm thick in the 2 L-and 3 L-case respectively). The structures were annealed at 120 • C for 1.5 hour in order to ensure the best layer-to-layer and layer-to-substrate adhesion and to eliminate a substantial portion of air pockets on the interfaces between the constituent layers. the backscattering geometry using 1.96 eV excitation from a He-Ne laser and 2.41 eV from an Ar + ion laser. The excitation light was focused by means of a 100x magnification long working distance objective. The spot diameter of the focused beam was equal to 1 µm. The excitation power focused on the sample was kept at 80 µW during all measurements to avoid local heating. The scattered light was collected via the same microscope objective, sent through an 1 m monochromator and detected with a liquid-nitrogen cooled CCD camera. A high rejection ratio of the Rayleigh scattered laser light was provided by a set of Bragg filters. Linear polarizers were used to identify the symmetries of the vibration modes responsible for the observed Raman peaks. Unpolarized low-frequency Stokes and anti-Stokes Raman scattering spectra measured on 2 L-and 3 L-MoTe 2 heterostructures under E L = 1.96 eV excitation are shown in Fig.  3 . The spectra from regions A comprise two peaks, which are characteristic of atomically thin MoTe 2 13,14 or other thin TMD structures [15] [16] [17] [18] . The peaks correspond to rigid displacements of the whole Te-Mo-Te layers, which are parallel (SM) and perpendicular (BM) to the structure plane. Their energies are summarized in Table I . The BM softens (redshifts) while the SM hardens (blueshifts) with increasing number of layers. As a result the BM in 2 L-MoTe 2 can be appreciated at higher energy than the SM, while in 3 L-MoTe 2 the opposite takes place. The experimental studies of the low-frequency modes in TMDs confirmed that the energies of the rigid oscillation modes can be well described within a linear chain model. The model considers every layer as a single point mass connected to the nearest neighboring layers with springs. The interlayer interaction can be described by effective interlayer force constants K j (j = z for BM or j = x for SM). It is also assumed that the force constant does not depend on the number of layers. Finally, no interaction with the substrate is taken into account in the model. The evolution of the interlayer mode energies (expressed in cm −1 ) as a function of the number of layers, N, is given within the model by 12 :
where: K j is the respective force constant, µ = 2m Te + m Mo is the mass per unit area, α = 2, 3, 4, . . . , N (α = 1 corresponds to the acoustic mode). The Raman-active SMs (BMs), observed in our experiment belong to the highestenergy (lowest-energy) branches of the corresponding set. Assuming that the energy of the BM (SM) in 2 L-MoTe 2 in the region A is equal to: ω z,2 = 27.2 cm −1 (ω x,2 = 19.25 cm −1 ) the respective force constants are: the out-of-plane (breathing) force constant K z = 7.5 × 10 19 N m 3 and the in-plane (shearing) force constant K x = 3.6 × 10 19 N m 3 . These force constants correspond to our previous results 14 and other published data for MoTe 2 (7.7 × 10 19 N m 3 and 3.6 × 10 19 N m 3 respectively) 13 . In order to reproduce the BM (SM) in the region A of 3 L-MoTe 2 , which can be observed at 19.0 cm −1 (23.3 cm −1 ), the value of K z = 7.3 × 10 19 N m 3 (K x = 3.6 × 10 19 N m 3 ) should be considered. The low-frequency Raman spectra of 2 L-and 3 L-MoTe 2 substantially change, when the layers are placed on the h-BN/SiO 2 /Si substrate (region D). As it can be seen in Fig. 3 , the SMs in 2 L-and 3 L-MoTe 2 are not affected by the presence of the h-BN substrate. On the contrary three (two) peaks can be observed in the spectrum measured on the D region as compared to one BM in 2 L-(3 L-) MoTe 2 /SiO 2 /Si. Dominant in the 2 L-MoTe 2 /h-BN/SiO 2 /Si heterostructure is the feature at ω z,2 = 28.3 cm −1 , at the energy slightly higher than the energy of the corresponding BM in the MoTe 2 /SiO 2 /Si (ω z,2 = 27.2 cm −1 ). The main peak is accompanied by two other peaks ω + z,2 = 32.4 cm −1 and ω − z,2 = 23.6 cm −1 , which emerge at higher and lower energies. Two peaks in the spectrum of 3 L-MoTe 2 /h-BN/SiO 2 /Si heterostructure can be observed at the energies ω − z,3 = 15.2 cm −1 and ω z,3 = 19.6 cm −1 . In order to attribute those peaks, polarization-sensitive measurements were performed (see Fig. 4 ). It is well known, that the BMs have the A-symmetry and the SMs exhibit the E-symmetry 19 . Therefore, in the backscattering geometry, the BM should not be observed in the (XY) configuration, in which the polarization of the scattered light is perpendicular to the polarization of the illuminating light, while both the BM and SM can be observed in the co-polarized (XX) configuration. As it can be appreciated in Fig. 4 , only the SM modes No qualitative difference between the spectra measured on the C and D regions of both 2 L and 3 L heterostructures can be noticed in Fig. 3 . In this case the effect of covering the 2 L and 3 L with an h-BN layer is negligible.
Less conclusive are the results obtained on the B regions of the studied heterostructures. While the spectrum lineshape for the 3 L sample resembles that of the A-region, an additional peak at the energy ω + z,2 = 26.65 cm −1 can be observed for the 2L sample. The SM-related features in the B-region spectrum are rather similar to those observed in other (A, C, and D) regions as far as both the energy and the broadening are concerned. Importantly, for both structures, the energy of the main BM-related peaks in the B-region spectra for both 2 L and 3 L structures are slightly lower than those observed in the A region (as well as C and D regions).
It is generally accepted that the interaction of TMDs with the substrate can be neglected 20 and slight differences between the low-energy Raman spectra of supported and suspended structures are typically ascribed to strain rather than to the interaction with the substrate 21 . However, there are also reports on a substrate-induced mode in the low-frequency spectrum of Bi 2 Te 3 nanoplates 22 and a Raman mode splitting in few-layer black phosphorus encapsulated in h-BN 23 .
Let us consider an interaction between the bottommost MoTe 2 layer and the substrate, described by the force constant K i . There are two frequency branches ω z,2 and ω i,2 , with energies given by Eq. (2a) and (2b) , which correspond to the breathing mode.
If K i equals zero (no interactions with the substrate), the modes correspond to the BM and the acoustic mode, of which only the former one is Raman-active and can be observed in the spectrum. However if K i = 0 both modes become Raman active. Theoretical evolution of ω z,2 and ω i,2 with K i /K z ratio for several values of force constants K z is shown in Fig. 5 . It can be seen that the ω z,2 energy only weakly depends on K i . The evolution of the lower, ω i,2 energy with the K i /K z is much faster, however the energy is rather low for reasonable values of the K i /K z ratio. The corresponding peak could be therefore hardly observed in the low-frequency Raman spectrum, as opposite to the reported results for Bi 2 Te 3 and Bi 2 Se 3 crystals 22 . In our opinion, however, the ω i,2 vibrational mode contributes to the combination: ω + z,2 = ω z,2 + ω i,2 and ω − z,2 = ω z,2 − ω i,2 modes, which are present in the spectra of the C and D regions of the structure. Assuming ω i,2 = 1 2 (ω + z,2 − ω − z,2 ) = 4.4 cm −1 (an average energy difference between the main BM peak and its satellites) one can get the corresponding K i /K z = 0.102 ± 0.002. As it can be appreciated in Fig. 5 , the energy of the main peak ω z,2 = 28.3 cm −1 , which corresponds to the K i /K z value stated above, can be reproduced with K z = (7.61 ± 0.05) × 10 19 N m 3 . This value corresponds well to the force constant found for the A region of the 2 L MoTe 2 . The interaction with the substrate can be therefore described with K i = (7.75 ± 0.004) × 10 18 N m 3 . Before the same model is applied to the 3 L-MoTe 2 heterostructure it should be noticed that just two BMs can be observed in its Raman scattering spectrum, while excited with E L =1.96 eV light, as opposite to three peaks in the spectrum of similar 2 L-MoTe 2 structure. In fact, if the ω − z,3 peak is related to the difference: ω z,3 − ω i,3 , the ω + z,3 peak related to the sum ω z, + ω i,3 should be present in the spectrum. The latter mode cannot be distinguished in the E L =1.96 eV excited Raman spectrum, as it coincides with the SM in the structure. In order to confirm the presence of the ω + z,3 BM in the spectrum, we performed Raman scattering measurements using E L =2.41 eV excitation. It is well known that the overall lineshape of the low-frequency Raman spectrum strongly depends on the excitation energy, which is related to resonance effects 24 . In particular, we have previously observed that the SM in few-layer MoTe 2 is very weak in the non-resonant Raman scattering spectrum. 14 As can be appreciated in Fig. 6 , showing the results of measurements carried out with E L =2.41 eV excitation, the SMs can be hardly seen in the spectrum of the A region, while the expected ω + z,3 peak can be distinguished in the spectra of the C and D regions of the 3 L-MoTe 2 heterostructure. This observation supports our model with the combined sum and differential modes and justifies its application to the 3 L-MoTe 2 structure. The corresponding equation of motion cannot be solved analytically in this case, so the results of numerical analysis are presented in Fig. 5 . Assuming ω i,3 = 1 2 (ω + z,3 − ω − z,3 ) = 4.1 cm −1 one can get the corresponding K i /K z = 0.154 ± 0.004 cm −1 . Finally K z = (6.94 ± 0.02) × 10 19 N m 3 and K i = (1.07 ± 0.02) × 10 19 N m 3
can be found in order to reproduce the energy of the main peak ω z,3 = 19.6 cm −1 . We propose the following scenario to explain our results. The bottom MoTe 2 interacts with the h-BN substrate in 2 Land 3 L-MoTe 2 . Because of high uniformity of the substrate the resulting vibrational mode has a well-defined vibration frequency and contributes to the combination Raman modes, well visible in the spectra. Therfore, crucial for the effect of encapsulation is the h-BN substrate, which provides a flat support for the TMD layer 25 . This minimizes the effect of strain and disorder resulting from the roughness of the SiO 2 /Si substrate. The resemblance between the spectra of regions C and D suggests that the top h-BN layer does not strongly inter- act with the MoTe 2 layers but rather provides protection from ambient conditions 26, 27 . The results of region B can also be addressed within our model. Characteristic of both the 2 Land 3 L-MoTe 2 case is the lowering of the main BM peak energy as compared to the uncovered structures. In our opinion the energy redshifts suggest the presence of substantial strain in the structure. As schematically shown in Fig. 2 , the region B is not uniform and deformation can change from point to point, making it difficult to propose a simple model.
Our model does not address all features of the presented results. The force constants, which could be used to reproduce the observed Raman spectra seem to depend on the number of layers, however the experimental uncertainty can be partially responsible for the effect. It is also not clear, why the SMs are not affected by the h-BN substrate. We believe that more advanced analysis is needed to address those effects, which may be triggered by our experimental study.
In conclusion, the effect of h-BN encapsulation on the lowfrequency Raman scattering in 2 L-and 3 L-MoTe 2 has been investigated. Three BMs have been observed in the spectra of few-layer MoTe 2 deposited on/encapsulated in h-BN as compared to one mode for the flake deposited on SiO 2 /Si. The SM seems not to be affected by changing the substrate. The results have been analyzed in terms of a linear chain model. The observations have been explained by introducing to the model a well-defined interaction between the lowest MoTe 2 layer and the h-BN substrate. The interaction slightly affects the energy of the main breathing mode and activates an otherwise zerofrequency acoustic mode. The latter mode cannot be directly observed in the spectrum but contributes to the combination modes in a MoTe 2 structure. We have observed that h-BN cover does not affect the Raman scattering spectrum, suggesting negligible interaction between the MoTe 2 and top h-BN layer.
